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High-energy cosmic rays impinging on the atmosphere of the Earth induce cascades of secondary
particles, the extensive air showers. Many particles in the showers are electrons and positrons,
which due to interactions with the magnetic field of the Earth emit radiation with frequencies of
several tens of MHz. In the last years, huge progress has been made in measuring the character-
istics of extensive air showers through their radio signal at these frequencies.
The radio technique is now routinely applied to measure the properties of cosmic rays, such as
their arrival direction, their energy, and their particle type/mass. Air showers with zenith angles
above 60◦ have a large footprint of the radio emission on the ground which can be detected with
sparse arrays with kilometer-scale spacing. With the Auger Engineering Radio Array (AERA)
these "horizontal air showers" are measured, demonstrating the feasibility of the radio technique
for highly inclined showers.
At present, the Auger Collaboration is upgrading its detectors. The upgrade includes the in-
stallation of radio antennas on each of the 1661 water-Cherenkov detectors of the array. The
main objective of the radio upgrade (Radio Detector) is to measure horizontal air showers and to
determine the properties of cosmic rays up to the highest energies. The combination of water-
Cherenkov detectors and radio antennas will provide muon-electron separation for horizontal air
showers at the highest energies.
Details of the technical implementation and the expected performance will be presented.
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1. Introduction
The Pierre Auger Observatory, located in western Argentina, is the world’s largest cosmic-
ray Observatory [1]. The objectives of the Observatory are to probe the origin and characteristics
of cosmic rays above 1017 eV and to study the interactions of these, the most energetic particles
observed in Nature. The Auger design features an array of 1600 water-Cherenkov detector sta-
tions on a 1500 m grid, spread over 3000 km2, and overlooked by 24 air fluorescence telescopes.
In addition, three high-elevation fluorescence telescopes overlook a 23.5 km2, 61-detector infilled
array with 750 m spacing. Radio emission from extensive air showers is measured with the Auger
Engineering Radio Array (AERA), comprising more than 150 radio detector stations, covering an
area of about 17 km2, co-located with the infill array [2, 3].
At present, the Pierre Auger Collaboration is working on an upgrade of the Observatory, Auger
Prime [4]. The physics case of the upgrade is outlined in [5]. The key science questions to be
addressed are: What are the sources and acceleration mechanisms of ultra-high-energy cosmic
rays (UHECRs)? Do we understand particle acceleration and physics at energies well beyond the
LHC (Large Hadron Collider) scale? What is the fraction of protons, photons, and neutrinos in
cosmic rays at the highest energies?
To achieve these objectives, a layer of scintillators is being installed above the water-Cherenkov
detectors (the Surface Scintillator Detector), the observation time of the fluorescence detectors is
being increased, and underground muon detectors are being installed in a part of the Surface De-
tector array. In addition, radio antennas will be added to each Surface Detector station — this is
the focus of this contribution.
We are going to install a radio antenna on each of the 1661 stations of the Surface Detector
array of the Observatory, forming a 3000 km2 radio array, the largest radio array for cosmic-ray
detection in the world. A photograph of a prototype station is shown in Fig. 1. It shows (from
bottom to top) the water-Cherenkov detector with a layer of scintillators on top (Surface Scintillator
Detector) and a radio antenna (Radio Detector). The concept of radio antennas on top of the Surface
Detector stations has been studied earlier at the Auger Observatory on smaller scales [6, 7]. With
the combination of water-Cherenkov detector and Surface Scintillator Detector the electron-to-
muon ratio (e/µ) is measured for vertical showers. In a similar way the combination of water-
Cherenkov detector and Radio Detector will be used to measure the ratio of the electromagnetic
energy and the number of muons for horizontal air showers. Thus, the Radio Detector will increase
the aperture of the Observatory for mass-sensitive investigations, allowing the e/µ separation for
showers with a broad zenith angle range, from zenith with the Surface Scintillator Detector to the
horizon with the Radio Detector.
Horizontal air showers have a large footprint of the radio emission on the ground, covering
areas of the order of 100 km2 for very inclined showers. This has been predicted by simulations [8,
9] and also recently been measured with AERA [10, 11, 12]. Thus, the radio emission from such
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Figure 1: An upgraded station of the Surface Detector array of the Pierre Auger Observatory. On top of the
water-Cherenkov detector a layer of scintillators (Surface Scintillator Detector – SSD) and a radio antenna
(Radio Detector – RD) are mounted. Left: photograph of a prototype station, right: schematic view.
2. The Radio Detector of the Pierre Auger Observatory
At present we are working on the details of the technical implementation of the Radio Detec-
tor. The photograph (Fig. 1) depicts a prototype, which is installed at the observatory since May
2019. The Radio Detector will be fully integrated in the Surface Detector stations, they will form
one unit, being comprised of water-Cherenkov detector, Surface Scintillator Detector, and Radio
Detector. The different detectors will share the infrastructure such as solar power, battery, commu-
nications system, GPS timing, and an integrated data acquisition system. The envisaged system is
schematically shown in Fig. 2.
We aim to use a short aperiodic loaded loop antenna (SALLA) to detect the radio emission
from air showers in the frequency range 30 to 80 MHz. The SALLA realizes a Beverage antenna
as a dipole loop of 1.2 m diameter [13, 14]. The SALLA has been developed to provide a minimal
design that fulfills the need for both, ultra-wideband sensitivity, and low costs for production and
maintenance of the antenna in a large-scale radio detector. The compact structure of the SALLA
makes the antenna robust and easy to manufacture. Beverage antennas include a resistor load
within the antenna structure to give a specific shape to the directivity [14]. In the case of the
SALLA a resistance of 500 Ω connects the ends of the dipole arms at the bottom of the antenna.
The antenna is read out at the top which is also the position of the Low-Noise Amplifier (LNA).
While signals coming from above will induce a current directly at the input of the amplifier, the
reception from directions below the antenna is strongly suppressed as the captured power is pri-
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detection of HAS: human-made radio noise sources are often at the horizon21. The existing communication 
system of the SD station will be used to control the hardware parameters of the new RDs and to transmit the 
radio data to the central data acquisition system of the PAO, where the radio data are merged with the data 
from the other PAO components and put to long-term storage for the analysis. The data acquisition system 
will be adapted to accommodate the new RDs in collaboration with the PAO staff. 
We aim for <5 W power required for the additional electronics. If the capacity of the existing SD systems is 
not sufficient, we will replace the existing solar panel of the SD station with a (now available) more efficient 
version, providing sufficient electrical energy. 
 
Figure 12: Block diagram of the electronics of an upgraded SD station of the PAO. The (proposed, new) 
radio antenna (left) is read out via an analogue filter amplifier and ADC into the existing electronics of the 
station (right). An interface to extensions (like the proposed RDs) is already foreseen in the electronics. 
 
*Sub project #3: Deployment of the radio detectors – PI, PD 1+2, PhD students 1+2, engineer + external.  
The PI has coordinated the deployment of 125 RDs for AERA and is experienced to work in the harsh envi-
ronment of the Pampas and he is aware of the logistic and climatic issues which can influence a deployment 
schedule. The proposed design of the new RDs is much simpler as compared to the existing AERA stations. 
No fence and concrete pedestals for the antenna mast are needed and the electrical cabling is much simpler. 
Based on the AERA experience and the much simpler design, we expect to deploy ~10-20 RDs per day. The 
deployment will be conducted in close collaboration with the staff at the PAO and with colleagues of the 
Auger Collaboration who will support us for this huge effort. As it has been successfully done for AERA, the 
components will be shipped in sea containers to the PAO and the RDs will be pre-assembled and tested at the 
main campus of the PAO, followed by the actual deployment of RDs in the field. 
First, 61 RDs in the region of the 750 m grid will be deployed. This first 
array will be used to prove the concept of the proposed design. After 
successful first measurements and verification of the concept, the next 
739 stations will be deployed in the field. In parallel, we aim to raise the 
funds for the additional 861 stations (to fully equip all 1600 SD stations 
on the 1500-m grid) within the Netherlands and in collaboration with our 
international partners in the PAO. Including shipment and deployment 
~935 k€ will be needed. Since the physics potential of the new radio 
array is very large and fully in-line with the physics objectives of the 
PAO upgrade, we are optimistic to find further financial support. 
 
*Sub project #4: Optimization of radio reconstruction for horizontal air showers – PhD student 1, PD 1. 
HASs have been already measured with AERA,47,48 as discussed above. The measurements reveal a large 
radio footprint of HAS, signals up to 5 km from the shower axis have been detected with up to 80 RDs 
exhibiting a measurable signal above the noise level. The measurements indicate that the footprint of the 
EASs covers several (tens) km2. These measurements also reveal that HAS are well measured with RDs on a 
1500 m grid. These measurements are supported by theoretical considerations and simulations, which also 
predict a large radio footprint for HAS.55,56 
The method to derive the shower energy from the radio measurements as described above has been adapted 
for HAS48. The resulting CR energy derived from the radio measurements is depicted in Fig. 14, left as a 
function of the energy, reconstructed with the SD. A good correlation of the two parameters is found. The 
relative difference between the two parameters in this first analysis exhibits an almost Gaussian distribution 
with a σ of ~48%. 
Recent AERA measurements for vertical EASs42,43 indicate that the e/m component is measured with an 














Figure 13: The PI installing 
hardware for AERA in the field. 
Figure 2: Schematic view of the envisaged read out for the r dio antennas. The radio antenna (SALLA)
is read out through a filter amplifier and an ADC. The front-end board has an interface to the existing
electronics (Upgraded Unified Board - UUB [16]) at each Surface Detector station.
suppression of sensitivity towards the ground reduces the dependence of the antenna on structures
below the antenna (like the Surface Scintillator Detector and the w t r-Cher nkov detector) and on
environmental conditions which might vary as a function of time and are thus a source of systematic
uncertainty. With the inclusion of an ohmic resistor the SALLA especially challenges its amplifier
as only ∼10% of the captured signal intensity is available at the input of the LNA. Proper matching
between the antenna structure and the LNA is realized with a 3:1 transmission line transformer.
The structur of the SALLA creates a sensitivity which is flat as a function of frequency.
The water-Cherenkov detector will issue a trigger signal when energy deposition has been
detected. The data from the radio antenna will be passed to the read-out electronics of the Surface
Scintillator Detector/water-Cherenkov detector system (UUB) [16] and will be transmitted together
with all data from the stati to the central data acquisition of the Auger Observatory.
We foresee two polarization directions of the antenna, oriented orthogonal to each other (see
also Fig. 1). The signals of the two analogue channels will be pre-amplified in a LNA at the
antenna. The signals are transmitted through shielded coaxial cables to the filter amplifier on the
front-end board. They will be digitized with a sampling frequency of 200 Msps. A FPGA controls
the data flow and the communication with the existing electronics of each Surface Detector station
(UUB).
3. Expected performance
We first illustrate th estimated aperture and ev nt statistics ach evable with the Radio Detec-
tor. These were derived with a Monte Carlo study on the basis of an analytical signal model [15]
based on CoREAS simulations [17]. We have expanded the signal model to enable predictions for
zenith angles beyond 60◦. This expansion entails the continuation of the spline fits relating the
paramet rs R, σ and k to the distanc to shower maximum DXmax (cf. Fig. 8 of reference [15]) using
CoREAS simulations with zenith angles up to 80◦. On the basis of predicted signals for varying
energies and event geometries, we determine detection efficiencies, requiring an energy fluence of
at least 5 eV/m2 in at least three antennas on a 1.5 km triangular grid. The estimate of 5 eV/m2
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Figure 3: Left: Predicted aperture of the Radio Detector as a function of cosmic-ray energy for different
ranges of zenith angles. Detection efficiencies were determined with the requirement of an energy fluence
(i.e., energy deposit in the form of radio waves per unit ground area) of at least 5 eV/m2 in at least three
antennas, and with shower cores contained in the geometrical area of the 3000 km2 array.. Right: Number
of events measured with the Radio Detector as a function of energy over the course of 10 years, calculated
from the aperture using the Auger energy spectrum. Black points correspond to the total aperture as shown
in the left panel. Red points correspond to the aperture in regions of parameter space where detection is
100% efficient (for every energy bin only those zenith angles are counted where full efficiency has already
been reached).
in 2017. For comparison, the LPDA and butterfly antennas in AERA have a threshold of approxi-
mately 2 eV/m2. Assuming instrumentation of 3000 km2 and requiring shower cores to fall within
this geometrical area1, we derive the aperture as displayed in Fig. 3.
It is visible that the energy threshold for coincident detection of showers in at least three an-
tennas decreases with increasing zenith angle. This is due to the growth of the radio-emission
footprint with zenith angle. The aperture contribution at the highest zenith angles is, however, lim-
ited by the condition that the events need to be contained in the geometric area of the Observatory,
which introduces a cosθ factor. At lower zenith angles, in particular below 70◦ zenith angle, the
maximum achievable aperture contribution is larger, yet the detection becomes fully efficient only
at high energies. A lower detection threshold than the assumed 5 eV/m2, possibly achievable using
more sophisticated signal cleaning techniques, would thus in particular increase the fully efficient
aperture contributed by air showers with low zenith angles. We note that the aperture shown in
figure 3 should be considered a “detection aperture” and not a “trigger aperture”, as the trigger will
be provided by the Surface Detector. Radio stations with a signal below 5 eV/m2 will thus also
contribute useful information.
Multiplying the aperture with the flux as measured by the Pierre Auger Observatory [19], we
1We emphasize that this is a conservative scenario, as also air showers without core in the geometrical area of the
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Figure 4: Average number of radio stations with a
signal above the detection threshold of 5 eV/m2 as a
function of zenith angle and cosmic-ray energy.
derive the expected number of cosmic rays for the envisaged lifetime of the Radio Detector of
10 years and display it in Fig. 3. Over this period, more than 3000 cosmic rays will be measured at
energies exceeding 1019 eV, and approximately 300 air showers will exceed an energy of 1019.5 eV.
We note that an increase of the assumed detection threshold mostly affects detection efficiencies
and thus event rates at energies below 1019 eV. To convey an impression of how well the events will
be sampled with the Radio Detector, we have also determined the average number of radio stations
with a signal above 5 eV/m2 as a function of zenith angle and cosmic-ray energy, shown in figure 4.
To illustrate the expected performance, we pick a particular physics case: The Radio Detector
will be a powerful tool to study the muon content in inclined air showers. The almost pure separa-
tion of the muon content (water-Cherenkov detectors) and electromagnetic energy (radio antennas)
of inclined air showers will allow us to determine the energy dependence of the number of muons
in inclined air showers, as has previously been done with the combination of water-Cherenkov
Detectors and Fluorescence Detectors (FD) [21, 20]. With the Radio Detector, however, we will
achieve an order of magnitude higher event statistics: To date, a total of 202 hybrid FD-SD events
above 1018.8 eV have been collected for use in this analysis [20]. Over the lifetime of the Radio
Detector, we estimate to collect roughly 6500 air showers in that energy range.
To illustrate the potential, we have performed a simulation study in which we draw events
according to the distribution shown in Fig. 3 (red points, i.e., requiring full efficiency). We then
smear out the energy, which will be measured by the Radio Detector, by a Gaussian with a σ of
20%, i.e., using a conservative scenario for the energy resolution. We draw muon numbers, taking
into account the measured mean number of muons as a function of energy and their measured
intrinsic spread above 1018.8 eV as taken from reference [20]. Furthermore, we smear out the
number of muons by the N19 measurement resolution as detailed in [22]. Afterwards, we bin the
data as a function of (smeared) energy and determine the mean number of muons, shown in Fig. 5
(left), as well as the intrinsic spread of the number of muons (after subtracting the N19 measurement
resolution), shown in Fig. 5 (right).
It becomes obvious that with the vastly increased statistics available through the Radio Detec-
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Figure 5: Simulation of a measurement of the mean number of muons (left) and the spread of the number
of muons (right) as a function of energy via combined measurements with the water-Cherenkov Detector
and the Radio Detector. A conservative energy resolution of 20% has been assumed for the radio measure-
ment. Error bars indicate statistical uncertainties. Green points indicate the currently available data [20].
Black points indicate data as measurable with the Radio Detector over the course of 10 years. The shaded
area indicates the systematic uncertainty of the measurement arising from the Auger energy scale and the
systematic uncertainty of the muon measurement. Lines indicate model predictions for EPOS-LHC (solid),
QGSJETII-04 (dashed), and Sibyll-2.3c (dotted).
function of cosmic-ray energy will be possible. The latter measurement, in particular, will allow
in-depth tests of hadronic interactions.
We note that the systematic uncertainty illustrated in the form of a grey band in Fig. 5 (left)
is dominated by the 14% uncertainty of the energy scale of the Pierre Auger Observatory. The
Radio Detector has potential to validate and improve the energy scale determination up to the
highest energies (similar to earlier investigations for vertical air showers [23, 24]), which would
help further to perform more stringent comparisons of existing hadronic interaction models with
data.
4. Conclusion and outlook
We are at present finalizing the technical design of the Radio Detector of the Auger observa-
tory. First prototypes of all components are installed in the field for an in-situ evaluation of their
performance. We aim to start the mass production of the components towards the end of 2019 and
to complete the deployment of the almost 1700 units of the 3000 km2 Radio Detector before the
end of 2021. The Radio Detector will improve the science capabilities of the Auger observatory,
by providing electron-muon separation for inclined air showers up to the highest energies. This
implies also a larger mass-sensitive set of cosmic rays, measured by the Auger observatory in the
overlap region on the sky with the Telescope Array.
The Auger Radio Detector is a natural next step towards future cosmic-ray experiments, ap-
plying the radio technique on even larger scales, such as GRAND [18] or a next-generation cosmic
ray experiment, applying hybrid detection techniques by combining radio antennas with e.g. seg-
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between the presently largest array (AERA, 17 km2) and applications of the technique on a level of
tens of thousands of km2. The Auger Radio Detector will be the biggest array for the next decade,
allowing us to evaluate the detector technology, establish reconstruction methods, and study the
physics performance of such large radio arrays.
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